COLL1a mRNA is asymmetrically distributed in the Paracentrotus lividus egg. Here we examine the involvement of the cytoskeleton in the localization process of collagen mRNA. The use of drugs such as colchicine and cytochalasin B reveals a perturbation of localization collagen mRNA. Moreover, the presence of speci®c cis-and trans-acting factors involved in cytoskeleton binding and the localization process was investigated. By Northwestern experiment we found that the 3 H UTR of COLL1a mRNA is also able to bind two proteins of 54 and 40 kDa in a cellular fraction containing the cytoskeleton. Finally, we found that the protein of 54 kDa is LP54, a protein that binds the 3 H UTRs of P. lividus maternal bep messengers and is necessary for their localization. q
Introduction
Localization of messenger RNAs and proteins is an intriguing mechanism utilized by the cell to obtain a gradient of proteins and establish the embryonic axis (Ding and Lipshitz, 1993) . Both messenger RNAs and proteins have been found localized in oocytes and embryos, as well as in a variety of differentiated and polarized cells from yeast to mammalian (Bashirullah et al., 1996) . Moreover, localized RNAs practically program the asymmetric cell fate of cells that receive that cytoplasm. Mechanisms used to transport and anchor RNAs in the cytoplasm include vectorial transport out of the nucleus, direct cytoplasmic transport in association with the cytoskeleton, and local anchoring at particular cytoplasmic sites (Wilhelm and Vale, 1993; Hesketh, 1996) . The majority of localized RNAs are targeted to particular cytoplasmic regions by cis-acting RNA elements that almost always reside in the 3 H -untranslated regions (UTRs) (Ding and Lipshitz, 1993; Bashirullah et al., 1998) . Moreover, by means of deletion experiments speci®c sequences suf®cient for localization have been mapped inside the 3 H UTR of some mRNAs such as BLE1 in bicoid of Drosphila or VgLE in Vg1 of Xenopus (Macdonald et al., 1993; Macdonald and Kerr, 1998; Mowry and Melton, 1992) . cis-Acting elements play their role associated with trans-acting factors, many of which are RNA-binding proteins. Moreover, some of these trans-acting factors can function in translational control during or after localization. In order to get a good knowledge of this mechanism and the factors that are involved it is useful to understand the normal development of an early embryo or differentiating cells. trans-Acting factors for some messengers have been identi®ed, mainly in the Xenopus and Drosophila systems. Some of these factors are common to several messengers. For example, Staufen protein in Drosphila is able to bind to the 3 H UTRs of bicoid, oskar and prospero mRNAs at different stages of development or neurogenesis (Ephrussi et al., 1991; St Johnston, 1995; Kim-Ha et al., 1991; Broadus et al., 1998 ). Moreover, the 3 H UTR of bicoid mRNA is able to bind two other proteins, exuperantia and swallow, while the 3 H UTR of oskar mRNA also binds the Bruno protein that in turn is associable with gurken mRNA (Kim-Ha et al., 1995) . In Xenopus, the Vg1 RNA-binding protein (RBP), which probably coincides with Vera, binds to the 3 H UTR of both Vg1 mRNA and TGFb -5 (Schwartz et al., 1992; Elisha et al., 1995; Deshler et al., 1997) . Moreover, Vg1 mRNA for its localization was also found to utilize a non-translatable RNA Xlsirt, but it is not known whether it interacts directly or via the cytoskeleton network (Kloc and Etkin, 1994) .
Many features of mRNA localization appear to have been conserved during evolution, suggesting that this is an old mechanism for producing cytoplasmic asymmetry. In the invertebrate sea urchin three maternal messengers have been identi®ed, called bep1, bep3 and bep4, localized at the animal pole of the Paracentrotus lividus egg and embryos (Di Carlo et al., 1990 Montana et al., 1996) . These messengers are anchored to the cytoskeleton by cis-acting factors residing in their 3
H UTRs and by a common transacting factor, an RNA-binding protein called LP54 (Montana et al., 1997; Romancino et al., 1998; Costa et al., 1999) .
Collagen is a protein which shows a particular amino acid repeated motif Gly±X±Y that permits formation of an alphahelical structure. This molecule is present in the extracellular matrix of all metazoan phyla and plays a fundamental role in a number of processes such as morphogenesis and differentiation. In sea urchin four cDNA coding collagens have been isolated: two ®brillar collagens, called COLL1a or Hpcol1 (D'Alessio et al., 1989; Tomita et al., 1994) , and COLL2a (D' Alessio et al., 1990) and two non-®brillar collagens, called COLL3a and COLL4a (Esposito et al., 1993 (Esposito et al., , 1994 . COLL1a mRNA is expressed principally from the late gastrula to the pluteus stage (D'Alessio et al., 1989) , but a very small amount is also present in P. lividus egg (Gambino et al., 1997) . By means of in situ hybridization it has been demonstrated that COLL1a mRNA is spatially distributed in egg and embryos (Gambino et al., 1997) . In this report we investigate the cellular machinery and the factors that are involved in COLL1a mRNA localization.
Results

Association of COLL1a with the cytoskeleton
It is known that most localized mRNAs are associated with the cytoskeleton. COLL1a mRNA is localized in the P. lividus egg and we decided to investigate whether this messenger is also associated with the cytoskeleton. For this aim we separated a cytoskeleton fraction from unfertilized and fertilized eggs. By treatment with detergent and subsequent centrifugation we obtained a detergent-soluble fraction (supernatant) and a detergent-insoluble fraction (pellet). The pellet contains the cytoskeleton elements and all the cytoplasmatic components associated with them. The supernatant fraction contains the remaining cytoplasmatic components. From these two fractions we extracted the total RNAs. COLL1a mRNA is only expressed to a low extent in P. lividus and is dif®cult to detect by Northern blot hybridization (Gambino et al., 1997) . For this reason we decided to analyze the presence or absence of COLL1a mRNA in each fraction by reverse transcriptase±polymerase chain reaction (RT±PCR) analysis. We utilized two primers designed at about the 5 H end and at about the 3 H end of the 3 H UTR. Thus these primers amplify a fragment of about 700 bp. Moreover, we utilized, as control, two primers that amplify a fragment of about 400 bp of the histone H2A mRNA (Spinelli and Albanese, 1990) , an RNA, as previously demonstrated, not exclusively present in the cytoplasm (Montana et al., 1997) . Fig. 1A shows that a larger amount of COLL1a mRNA is present in the supernatant fraction of unfertilized eggs and is mainly present in the pellet fraction of fertilized eggs, suggesting that COLL1a mRNA is more associated with the cytoskeleton after fertilization. When the primers for H2A mRNA were employed, an ampli®ed band was mainly found in the supernatant samples of both unfertilized and fertilized eggs (Fig.1B) . We would note that although the RT±PCRs were carried out in a linear range of PCR ampli®cation, they represent the approximate difference in RNA level. These results are in agreement with the different spatial distribution observed by in situ hybridization of COLL1a mRNA, in which a gradient of distribution is detectable in unfertilized eggs, in contrast with a more restricted localization found in the fertilized egg (Gambino et al., 1997) .
Effect of cytoskeleton inhibitors on localization of COLL1a mRNA
Cytoskeleton is mainly composed by microtubules, micro®laments and intermediate ®laments. To determine which of the cytoskeletal elements interacts with COLL1a mRNA we utilized two drugs able to cause depolymerization of microtubules or micro®laments: colchicine and cytochalasin B respectively. After separate incubation with the two drugs, the fertilized eggs were ®xed to investigate the localization of COLL1a mRNA by in situ hybridization. As shown in Fig. 2 , both colchicine ( Fig. 2B ) and cytochalasin B (Fig. 2C ) provoke a release of the message from its normally ®xed distribution ( Fig. 2A) , indicating that COLL1a mRNA is associated both with tubulin and actin ®laments. Moreover, the presence and distribution of microtubules in the eggs utilized as control was evidenced by whole-mount immunohistochemistry of the same batch of eggs incubated with anti-a-tubulin (Fig. 2D ).
Complex formation by COLL1a mRNA and egg proteic extract
To investigate whether proteins present in total cytoplasmic extract of eggs could recognize speci®c sequences in the 3 H UTR of COLL1a mRNA, we synthesized a fragment 750 nucleotides long containing all this region in vitro, utilizing DIG-UTP. This sense transcript was incubated with total egg protein extracts with or without heparin and analyzed by gel-retardation. The reaction was visualized on non-denaturing gel (Fig. 3A) . The addition of protein extracts retarded the mobility of the 750-nucleotide RNA, indicating that a complex was formed. This complex is also maintained in the sample incubated with heparin, which eliminates non-speci®c protein binding. Moreover, to demonstrate the speci®city of the complex, we incubated the total egg protein extracts with the collagen fragment transcribed with the DIG-UTP together with 200-fold and 400-fold molar excess of the same fragment transcribed without DIG-UTP. After electrophoresis a competition was observed (Fig. 3B) . Moreover, when the total egg extracts were incubated with the DIG-UTP transcript of the 3 H UTR of the COLL1a mRNA together with the 400-fold molar excess of a non-labeled in vitro transcript of H2A mRNA, no competition was observed. This result indicates that in the proteic extract one or more proteins are present that are able to recognize a signal in the 3 H UTR of the COLL1a mRNA and that the formed complex is speci®c.
Speci®c protein binds the 3
H UTR of COLL1a mRNA
To identify the proteins that bind the 3 H UTR of COLL1a mRNA we carried out a Northwestern experiment. Cytoplasmic proteins extracted from unfertilized and fertilized eggs were separated by sodium dodecyl sulfate±polyacry-laimide gel electrophoresis (SDS±PAGE). The Western blot was incubated with the 3 H UTR of COLL1a mRNA or with H UTR of COLL1a mRNA, or plus 400-fold molar excess of non-digoxigenin-labeled H2A mRNA (4).
the 3 H UTR of bep3 mRNA as a control, both synthesized in vitro utilizing radioactive UTP. Two bands were detected by binding with the 3 H UTR COLL1a mRNA, one band of 54 kDa and another of 40 kDa in both unfertilized and fertilized egg extracts (Fig. 4A) . The 54 kDa band coincides with the band recognized by the 3 H UTR transcript of bep3 mRNA. The 40 kDa band is speci®c, instead, for the 3 H UTR of COLL1a mRNA. Moreover, when we incubated different strips of a Western blot containing proteins isolated from fertilized eggs with the labeled fragment of COLL1a mRNA together to 200-fold or 400-fold molar excess of the same cold transcript, a decreased signal compared with the control was observed (Fig. 4B) . Moreover, when a Western blot containing proteins isolated from fertilized eggs was incubated with 400-fold molar excess of cold in vitro transcript of the H2A mRNA together with the labeled transcript of the 3 H UTR of the COLL1a mRNA, no competition was observed.
The 3
H UTR of COLL1a mRNA is associated with the cytoskeleton To determine whether the proteins of 54 and 40 kDa associate the 3 H UTR of COLL1a mRNA with the cytoskeleton, we treated P. lividus with detergents, and after centrifugation the proteins from soluble (supernatant) and unsoluble (pellet) fractions were isolated. These proteins were separately electrophoresed together with a total egg lysate as a control. The Western blot was incubated with the in vitro transcribed 3 H UTR of COLL1a mRNA. Binding with both the 54 and 40 kDa proteins was detected exclusively with the pellet fraction containing the cytoskeleton elements (Fig. 5) . The result obtained by the Northwestern experiment suggests that both the proteins might be involved in COLL1a mRNA association with cytoskeleton network and consequently that they may be involved in the RNA localization process.
H UTR of COLL1a mRNA recognized the LP54
To determine, in order, whether the protein of 54 kDa is the LP54 and thus, the protein that binds bep mRNAs, we performed a binding experiment utilizing the previously isolated LP54 (Costa et al., 1999) . A Western blot containing total egg extract, puri®ed LP54 and BSA as negative control was incubated with in vitro transcript of sense 3 H UTR COLL1a mRNA. The result of the Northwestern experiment is shown in Fig. 6A . A band is detectable in the line in which the puri®ed LP54 was loaded and in the positive control sample, whereas no band was detected in the lane in which BSA was loaded. Moreover, competition with cold in vitro transcript of sense 3
H UTR COLL1a mRNA was demonstrated by incubating different strips of a Western blot containing puri®ed LP54 with 200-fold and 400-fold excess of cold in vitro transcript 3 H UTR COLL1a mRNA together with labeled in vitro transcript 3 H UTR COLL1a mRNA (Fig. 6B) . No decrease in the signal was observed when 400-fold molar excess of cold H2A mRNA was utilized as competitor (Fig. 6B) . This result clearly indicates that the protein of 54 kDa recognized by 3 H UTR of COLL1a mRNA is the LP54 that binds the 3 H UTR of all bep mRNAs. 
Discussion
In many cases messenger RNA localization is thought to be an active process that requires the cytoskeleton (Wilhelm and Vale, 1993; Bashirullah et al., 1998) . cis-Acting signaling is necessary in order to direct localization, and it is mapped principally in the 3 H UTR of transcripts and RNAbinding proteins that interact with these signals (Bashirullah et al., 1998) . Preceding observations indicated that the collagen mRNA (COLL1a ) is distributed as a gradient in P. lividus unfertilized egg and is restricted in a cortical zone after fertilization, suggesting a shift through the cytoskeleton network (Gambino et al., 1997). Here we provide evidence that localization of this mRNA is due to association with the cytoskeleton elements and we begin to identify the factors involved in this association.
By RT±PCR analysis utilizing RNA extracted from soluble or unsoluble (cytoskeleton) fractions of P. lividus eggs we established a more marked association of COLL1a with the cytoskeleton in the fertilized eggs than in the unfertilized eggs. Thus, the association and the more restricted localization in a pole of the egg after fertilization suggest a shift of collagen mRNA along one of the principal ®laments. This is in agreement with the fact that in sea urchin polymerization of microtubules and micro®laments and the assembly of the cytoskeleton network occur after fertilization. Rearrangement of actin and tubulin ®bers after fertilization has, indeed, been demonstrated in sea urchin (Burgess and Schroeder, 1977; Harris et al., 1980a,b) . For example, in Strongilocentrotus purpuratus, different arrangements of tubulin ®bers occur after fertilization. Microtubules are found in the egg cortex soon after fertilization, and are oriented more or less perpendicularly to the egg surface. About 30 min later, the time of the pronuclear fusion, the cortical microtubules forms a characteristic spiral array that will disappear before the streak stage (Harris et al., 1980a,b) . At the moment we cannot exclude that COLL1a mRNA follows the movement of microtubules. Moreover, some mRNAs are localized by microtubule-dependent mechanisms, such as Vg1 mRNA, which moves to the vegetal pole of the Xenopus oocytes (Yisraeli et al., 1990) , or bicoid and oskar mRNAs, which localize at opposite poles of the Drosophila oocytes (Pokrywka and Stephenson, 1991; Ephrussi et al., 1991) . By contrast, localization of b -actin mRNA in cultured ®broblast requires actin ®la-ments (Kislauskis et al., 1994) . Treatment with drugs that depolymerize microtubules or micro®laments produces a release of the COLL1a message from its ®xed position, indicating that both these structures are involved in maintaining the position of COLL1a mRNA. The same result was obtained for P. lividus maternal bep mRNA, which is trapped in the microtubule and micro®lament network at the animal cortex of fertilized eggs Costa et al., 1997) . However, these results do not give us any information about the ®laments that might be involved in possible transport.
Moreover, we investigate whether the 3 H UTR of COLL1a mRNA is able to bind one or more proteins that may play the role of trans-acting factors and whether this complex may permit association with the cytoskeleton. By bandshift and Northwestern experiments we established that the 3 H UTR of collagen mRNA binds two speci®c proteins of 54 and 40 kDa. Previously we demonstrated that the 3 H UTR of bep mRNAs is only able to bind a protein of 54 kDa (Montana et al., 1997) . The presence of two proteins might be due to the fact that the 3 H UTR of collagen is 750 nucleotides long whereas the 3 H UTR of bep mRNAs ranged between 220 and 140 nucleotides . Thus the 40 kDa protein might be speci®c for binding with the 3 H UTR of collagen mRNA. Moreover, both proteins seem to mediate the association with the cytoskeleton, as demonstrated by Northwestern experiments in which both the proteins were detected only in the insoluble cytoplasmic fraction. The presence of an additional protein might also be due to the localization of COLL1a mRNA in the egg and during development. This collagen is localized on one side of the egg and of the embryos until the 16-cell stage and has been suggested to be involved in oral±aboral axis determination (Gambino et al., 1997) , whereas localization of bep mRNAs and proteins is along the animal±vegetal axis (Di Carlo et al., 1994; Montana et al., 1996) . Thus this type of collagen may play a role in determining the diversity of the extracellular matrix and in¯uencing the morpho- genetic program and signal transduction of particular territories. Consequently, speci®c factors for speci®c territories might be involved and the 40 kDa might be the candidate. Moreover, we demonstrated that the protein of 54 kDa is the LP54, the protein that has been extensively demonstrated to be involved in bep mRNA localization (Montana et al., 1997; Costa et al., 1999) . Thus this protein might be a trans-acting factor common to several messengers that are not localized in the vegetal half of the P. lividus egg. In other systems it has been demonstrated that a RNA-binding protein can recognize and interact with cis-acting signals of different mRNAs and drive their localization, also at different development stages. In Xenopus, for example, Vg1/ VERA RNA-binding protein recognizes a motif in both Vg1 and TGFb -5 mRNAs and is involved in their localization at the vegetal pole of the oocyte (Schwartz et al., 1992; Elisha et al., 1995) . In Drosophila the best characterized example is the RNA-binding protein Staufen (stau) that is required for the localization of oskar (osk) mRNA at the posterior pole of the oocytes, the anchoring of bicoid (bcd) mRNA at the anterior part of the egg and for the basal localization of prospero mRNA during asymmetric divisions of embryonic neuroblasts (Ferrandon et al., 1994; Ephrussi et al., 1991; Broadus et al., 1998) .
Moreover, the proteins identi®ed here might have different domains to bind regions of the RNA, microtubules and/ or micro®laments and perhaps also other proteins. Different domains have been identi®ed, for example, in stau protein.
Stau contains ®ve double-stranded (ds) RNA-binding domains (dsRBDs) that have been conserved throughout animal evolution and each of them plays a different role in different mRNAs. dsRBDs 1, 3 and 4 are the domains that bind to dsRNA in vitro, while 2 and 5 do not . When the binding activity of dsRBD3 is abolished by mutation, localization of both osk and bcd is prevented. Moreover, dsRBD2, which has a short insertion splitting it into two halves, is required for the microtubuledependent localization of osk mRNA. DsRBD5 is instead required for the derepression of osk mRNA translation, since localized. DsRBD5 has also been demonstrated to drive the localization of prospero mRNA in an actin-dependent manner in embryonic neuroblasts .
We have not yet investigated the possibility of the 3 H UTR of COLL1a mRNA folding in a secondary structure in which double strand stems and loops are present that might be speci®cally recognized by one or more domains of the 54 and 40 kDa proteins. The possibility of folding in secondary structures has been demonstrated for bep mRNAs and the LP54 recognizes a minimal sequence, and probably structure, of 80 nucleotides . The importance of a secondary structure has also been seen for several localized messengers and recently it has been demonstrated that stau dsRBD3 binds optimally in vitro to a non-speci®c RNA hairpin with a minimal stem of 12 bp (Ramos et al., 2000) .
Preparation of total cytoplasmic egg proteins
Unfertilized and fertilized eggs (2 g) were homogenized in 2 volumes of TGKEG (50 mM Tris (pH 7.5), 25% glycerol, 50 mM KCl, 0.1 M EDTA, 0.5 M dithiothreitol (DTT), 1 mM phenylmethylsulfonyl¯uoride (PMSF)) on ice. The extracts were cleared of most of the yolk and corical debris by centrifugation 15 700 £ g for 10 min at 48C and then centrifuged in a Beckman type 60 Ti rotor for 60 min at 55 000 rpm. Aliquots of the supernatants were stored at 2808C.
Drug treatment of eggs 4.4.1. Microtubule drug treatment
Eggs were incubated at 188C for 1 h in sea water collected from the Mediterranean sea and ®ltered through a 0.45-mm Millipore ®lter, containing 1 mg/ml colchicine (Sigma), and after fertilization using standard procedures (Giudice, 1973 ) the eggs were incubated with colchicine for 30 min.
Micro®lament drug treatment
Fertilized eggs were resuspended in 50 ml of ®ltered sea water containing 25 mg/ml of cytochalasin B for 1 h at 208C. After these treatments the fertilized eggs were washed in sea water and utilized for in situ hybridization.
In vitro synthesis of transcripts
To synthesize sense or antisense RNA a fragment of COLL1a , containing the 3 H UTR region, was subcloned in XbaI±XhoI sites of Bluescript plasmid. The plasmid was linearized by digestion at the XhoI or XbaI site and transcription containing T3 or T7 polymerase respectively was carried out utilizing a digoxigenin (DIG-UTP) transcription kit (Roche) according to the manufacturer's instructions. To synthesize sense H2A RNA the plasmid (gift of G. Spinelli) was linearized by digestion at the XhoI site and transcription containing T3 polymerase and the transcription kit described above. To synthesize the sense collagen RNA for a Northwestern experiment the plasmid was linearized by digestion with XbaI enzymes and transcription was carried out utilizing T7 polymerase. To synthesize, instead, the H2A RNA the plasmid was digested with XhoI enzyme and transcription was carried out utilizing T3 polymerase. In both the cases [ 32 P]UTP with the Riboprobe kit (Promega) according to the manufacturer's instructions was employed.
4.6. Whole-mount in situ hybridization and immunohistochemistry of P. lividus eggs treated with drugs Eggs treated with colchicine or cytochalsin B as described above or eggs collected 10±15 min after fertilization were ®xed in 2.5% glutaraldehyde and dehydrated with ethanol washes from 10 to 70%. After hydration the eggs were processed according to Romancino et al. (1998) . Whole-mount immunohistochemistry of the same batch of eggs, collected 10±15 min after fertilization, was carried out according to Romancino et al. (1998) . Anti-a-tubulin (T-5168, clone B-5-1-2, Sigma) diluted 1:500 was utilized as primary antibody.
Gel retardation analysis
The egg cytoplasmic extracts (30 mg) were mixed with 10 ng sense DIG-UTP transcribed 3
H UTR COLL1a mRNA with in the binding conditions described by Montana et al. (1997) . Competition experiment was carried out by incubating the egg cytoplasmic extract 200-or 400-fold molar excess of speci®c collagen transcript, or 400-fold molar excess of non-speci®c H2A transcript for 10 min before addition of the DIG-UTP transcribed RNA. Electrophoresis of RNA protein complex was carried out in 1.5% agarose gel at 80 V for 3 h. After being transferred to nylon membrane the ®lter was processed according to the procedure of Montana et al. (1997) .
Northwestern experiment
Thirty micrograms of proteins obtained either from cytoplasmic extracts or by cell fractionation with detergent and 50 ng of puri®ed LP54 or BSA were electrophoresed in 10% SDS±PAGE. The Western blot was incubated in Binding Buffer (BB) (10 mM Tris (pH 7.5), 50 mM NaCl, 1 mM EDTA) for 1 h at 308C. Binding reaction was carried out in 1£ BB, 5£ Denhardt's, tRNA (20 mg/ml), and mixed with 1:5 £ 10 5 cpm/ml of sense [ 32 P]RNA for 2 h at 308C. The ®lter was washed three times in BB for 15 min at room temperature and then autoradiographed utilizing X-AR5 ®lm (Kodak).
Competition experiments were carried out by incubating the ®lter in binding buffer with 200-or 400-fold molar excess of speci®c (collagen) RNA or with 400-fold molar excess non-speci®c (H2A) RNA competitors for 10 min at 308C before addition of labeled RNA.
Gel electrophoresis and immunoblotting
All the samples (30 mg) obtained from the different procedures described were resuspended in an equal volume of 2£ sample buffer and subjected to electrophoresis on 10% SDS±PAGE. Proteins were transferred onto nitrocellulose membranes using an LKB Multiphor apparatus (LKB, Sweden) and the conditions recommended in the manufacturer's instruction manual. The ®lter was processed according to standard procedures (Harlow and Lane, 1988) .
